A simple method for determination of copper contents in natural rubber (NR) latex based on the complex formation between Cu(II) and zinc diethyldithiocarbamate (Zn(II)-DDTC) and extraction with dichloromethane followed by visible spectrophotometry at 435 nm was developed. A low-cost wet digestion system for NR latex was adopted by digesting a sample in a Pyrex tube with the a mixture of concentrated H 2 SO 4 and concentrated HNO 3 at 180°C. Under the optimum conditions, the linear range of 0.1-4.0 mg/l (R 2 > 0.99), the limit of detection and the limit of quantification were 0.0356 and 0.1188 mg/l, respectively, the intra-day (n = 10) and inter-day (n = 6) relative standard deviations were 0.4-3.2 and 0.8-3.4%, respectively, and recoveries of 92-101% were obtained. Fe(III), Mn(II), and Zn(II) did not interfere with the tolerance limit of 9.0, 9.0, and more than 500 mg/l, respectively, which are higher than their usual concentrations in latex. The method was applied to copper determination in a concentrated latex sample prepared from field latex samples by centrifugation. The copper content was found to be 6.8-7.0 mg/kg (on total solids content) and copper content in the field NR latex sample was 16.6-23.8 mg/kg (on total solids content). No difference was observed between the proposed method and ICP-OES as well as between the proposed digestion and Kjeldahl digestion.
INTRODUCTION
Copper is recognized as one of essential nutrient elements required by rubber plants 1 . It plays an important role in the growth and is present in latex by absorption from soil and fertilization 2 .
Copper content is one character to be considered in the specifications of latex 1 . Generally, copper found in natural rubber (NR) is in the forms of CuO and Cu-oleate 3 (C 36 H 66 CuO 4 ) which can catalyse oxidative degradation of olefinicallyunsaturated rubber 4 . Generally, the solubility of Cu-oleate in natural rubber latex is higher than that of CuO, therefore, catalytic action of copper mainly arises from Cu-oleate. According to the previous reports [5] [6] [7] , the copper content of 0.27 mg/l, 1.65 mg/l, and 1.34-2.26 mg/kg (on total solids content, TSC) were found in field NR latex.
Copper contamination can cause discoloration of rubber products during ageing 4 . Only 0.001% of Cu(II) and Mn(II) content was found to act as catalysts for the autoxidation of raw rubber and vulcanized rubber 3 . Consequently, these metal ions can be called 'rubber poisons' and the autoxidation effects on both natural and synthetic rubber. Furthermore, darken spots on rubber glove can be observed if high amount of copper contaminates in the container of concentrated latex during dipping process 3 . According to the Thai Industrial Standards (TIS), copper concentrated content in latex must not exceed 8 mg/kg (on TSC) 8 . The way trace copper content (mg/kg) in NR latex affects on rubber degradation necessitates the use of a sensitive and accurate method for determination copper in real samples. Various techniques are employed for copper determination 9 in NR latex samples. The most inexpensive and simple method is visible spectrophotometry 10 . Alternative several techniques such as graphite furnace atomic absorption spectrophotometry 7 , flame atomic absorption spectrophotometry 11 , and inductively coupled plasma optical emission spectrophotometry (ICP-OES) 6 can be used for the copper determination in NR latex samples. In this study, the simple digestion, complexation and copper analysis by means of visible spectrometric method which industry can perform in their own lab is developed for copper determination in natural rubber latex. The developed digestion system was compared with Kjeldahl system for both visible spectrophotometry and ICP-OES detection.
MATERIALS AND METHODS

Chemicals
All chemicals used throughout the analysis were of highest purity as commercially available. Cu(II) stock solution (100 mg/l) was prepared by dissolving 0.3930 g of CuSO 4 · 5 H 2 O (Carlo Erba, USA) in DI water. Three millilitres of concentrated H 2 SO 4 were added in the beaker. The resulting solution was transferred to a 1000-ml volumetric flask and the volume was adjusted to the mark with DI water. Standard working solution of Cu(II) was prepared by properly diluting 100 mg/l standard Cu(II) with DI water just before use. The complexing agent was prepared by dissolving 0.2000 g zinc diethyldithiocarbamate (Zn(II)-DDTC) in 1000 ml of dichloromethane.
Apparatus
Spectronic 21 (Italy, wavelength 380-800 nm) was used for the measurement of the absorbance of Cu(II) complex, UV-Vis Spectrophotometer with Diode Array Detector (Shimadzu UV160-U, wavelength 200-1100 nm) for scanning absorption spectra of Cu(II) complex and UV-Vis Spectrophotometer with Diode Array Detector (Hewlett-Packard 8453) for scanning absorption spectra in interference study.
ICP-OES model Optima 4300 DV (Perkin Elmer, USA) was used for copper content determination in concentrated NR latex sample.
General digestion procedure
The simple wet digestion system consists of digestion tube (Pyrex; 3 × 25 cm) for accurately weighed NR latex sample which was placed in paraffin liquid oil bath (Boiling point: 300-500°C). The sample was heated for digestion on hotplate connected with thermostat for constant digestion temperature. Glass bead was added in the digestion tube during sample digestion to avoid bumping of the solution. The developed system for latex digestion is depicted in Fig. 1 . 
Procedure of copper determination
The procedure for copper content determination was modified from ISO 8053 (1995) method 12 . Latex samples were digested by wet digestion before determining copper content. Five millilitres of 50% (w/v) citric acid was added in the solution of standard or sample in a beaker. The pH of the solution was adjusted by adding 5 ml of 28% NH 4 OH and then adding drop by drop until the solution was just basic (pH 8) with litmus paper as an indicator. After that, the solution was left to cool and transferred into the separatory funnel. Two millilitres of 28% (w/v) ammonium hydroxide was used for rinsing the beaker. A portion of 25.00 ml of 0.2 g/l Zn(II)-DDTC in dichloromethane was added in the separatory funnel to form complex with copper in sample or standard solution. The solution was shaken for 2 min and left until aqueous and organic layer separated. The organic layer was drawn into a test tube and 0.1 g anhydrous Na 2 SO 4 was added to remove water. The organic layer was then filtered through the Whatman filter paper No. 42 and its absorbance was measured at 435 nm.
Total solids content
The total solids content (TSC) of latex is defined as the fraction by mass of the whole which is nonvolatile under specified conditions of drying in an open atmosphere at an elevated temperature. Normally, TSC is calculated as (C −A)/(B−A), where A is weight of aluminium cup, B is weight of aluminium cup with latex sample before heating, C is weight of aluminium cup with latex sample after heating 4 . For TSC determination, first, the aluminium cup as a container was weighed. Next, 2.0 g of field or concentrated NR latex sample was added and weighed again. One millilitre of DI water was then added and the latex was spread out over www.scienceasia.org the aluminium cup surface by swirling. Field or concentrated NR latex in the aluminium cup was heated at 70 ± 2°C in the oven for 16 h and then the sample was left to cool in a desiccator. The aluminium cup with latex sample was weighed and heated again for 15 min and weighed again after cooling in desiccator. This step was repeated until constant weight was obtained. Five replicates were performed for each sample (ISO 124:1997) 13 .
Dry rubber content
Dry rubber content (DRC) is defined as the fraction by mass of the latex which is coagulated under specified conditions of colloidal destabilization 4 . It can be determined by weighing 10.0 g of NR latex sample into a beaker and adding DI water into the beaker to obtain (20 ± 1)% by weight. The latex sample was coagulated by adding (35 ± 5) ml of 2% v/v acetic acid and then the coagulated latex sample was placed in the water bath at 70°C for 15-30 min. The coagulated latex sample was taken from the beaker and rinsed with water several times until the rinsed water was no longer acidic (indicated by litmus). The coagulated latex sample was pressed as a sheet to the nearest thickness 2 mm and rinsed with tap water for at least 5 min. Then it was heated at (70 ± 5)°C until it had no white patches. The dry sheet was left to cool in desiccator for 30 min and finally weighed. Five replicates were performed at each sample (ISO 126:2005) 14 . DRC was calculated as m 1 /m 0 , where m 0 is the mass of the test portion and m 1 is the mass of dry sheet.
RESULTS AND DISCUSSION
Optimization of extraction
Types of solvent for Cu(II) extraction is one of important factors for the proposed method which can be selected by distribution coefficient (K d ) of copper with solvent, commercial availability, toxicity and dangers. Efficiency of solvents, i.e., chloroform (CHCl 3 ), carbon tetrachloride (CCl 4 ), 1,1,1-trichloroethane (CH 3 CCl 3 ), and dichloromethane (CH 2 Cl 2 ) in copper extraction showed no significant differences 15 . Dichloromethane (DCM) was chosen due to its commercial availability and the fact that the other solvents are restricted chemicals and 1,1,1-trichloroethane is a hazardous chemical which is no longer produced.
Absorption spectra of Cu(II) complex
The absorption spectra of yellow Cu(II)-DDTC complex (2.0 and 4.0 mg/l of standard Cu(II) solu- Table 1 revealed that the absorbance slightly increased with the increasing of Zn(II)-DDTC concentration and the absorbance of copper complex at 200 mg/l of Zn(II)-DDTC was slightly higher than at other concentrations. However, at higher concentration of Zn(II)-DDTC more than 200 mg/l DCM did not 
Number of extraction
To obtain copper content in extracts as much as possible, the number of the extraction was experimented under optimum conditions. The influence of extraction number at 1, 2, and 3 times on the amount of copper was evaluated by the absorbance of 2.0 mg/l Cu(II). No significant difference in signal value between the numbers of extraction was found (data not shown). Hence single extraction was found enough for copper extraction to save both extraction time and complexing agent volume.
Optimization of latex digestion
The investigation of the effect of acid type on NR latex digestion efficiency revealed that a single acid, either concentrated HNO 3 or concentrated H 2 SO 4 , showed incomplete digestion and longer than 5 h digestion time. For a mixture of concentrated HNO 3 and concentrated H 2 SO 4 , 4 ml of H 2 SO 4 and approximately total volume up to 16 ml of concentrated HNO 3 must be added to obtain complete digestion and clear solution within 2.5 h, and this condition was chosen for further experiments.
Digestion temperature
The influence of the digestion temperature at 130, 160, and 180°C on recovery (%) of copper determination was investigated. Approximately 1 g NR latex sample was weighed and digested with the mixture of concentrated H 2 SO 4 and concentrated HNO 3 . It was found that high temperature of at least 160°C was required to obtain good recovery (%) of copper as shown in Table 2 as well as short digestion time. However, to ensure the completeness of digestion, temperature of 180°C was selected.
Amount of NR latex sample
The amount 2-10 g of NR latex is normally required by ISO 8053 (1995) method 12 . In this study, the appropriate amount of field NR latex sample which can be digested efficiently with the developed digestion system was investigated in the range of 1.0-2.0 g. The 2.0 mg/l Cu(II) was spiked into the sample to evaluate the recovery. As shown in Table 3 , the best recovery was obtained with the sample weight of 1.0 g at 92%. Greater quantity resulted in violent reaction and suspended sample and cause inefficient digestion and unsatisfactory recovery at less than 76%. Hence sample weight of 1 g was used to determine copper content by the proposed method.
Analytical Performance
Linearity was found to be in the concentrations range of 0.1-4.0 mg/l Cu(II) (Fig. 3) . www.scienceasia.org Table 4 The intra-day accuracy and precision of copper determination by the proposed method (n = 10). 0.9962 ± 0.0013) and relative standard deviation (RSD) lower than 5%. ANOVA of the slopes, intercepts and correlation coefficients of the 15 standard plots indicated no significant differences and the coefficient of variation for the slopes was 1.1%.
Limit of detection and limit of quantification
The limit of detection and limit of quantification calculated from the calibration curve based on 3 S y/x /b and 10 S y/x /b, where S y/x is the standard deviation on the regression and b is the slope, was found to be 0.0356 and 0.1188 mg/l, respectively.
Accuracy and precision
Recovery study was performed to evaluate the accuracy of the method by spiking 1.0 and 2.0 mg/l Cu(II) into the field and concentrated latex samples. Ten portions of spiked and non-spiked samples were analysed. Recoveries of spiked (1.0 and 2.0 mg/l Cu(II) standard solution) field and concentrated latex samples were found to be in the range of 92-101% with good precision (RSD < 5%) as shown in Tables 4 and 5 . The intra-day precision was carried out during the same experimental conditions by examining ten replicates of sample spiked with Cu(II) at different concentrations (1.0 and 2.0 mg/l) within the same day. The inter-day precision was verified by examining the sample for 6 different days within 2 weeks with 10 replicates measurements each day. The repeatability or intra-day and reproducibility or inter-day precision of the method were found to be 0.4-3.2% and 0.8-2.4%, respectively, revealing good repeatability and reproducibility with RSD < 5%. Furthermore, the method demonstrated satisfactory accuracy with recovery in the range of 92-101%.
Interferences
The effect of other transition cations including Fe(III), Mn(II), and Zn(II) normally present in NR latex 6, 17 on copper determination was studied by adding various concentrations of interfering ions into 2.0 mg/l Cu(II) standard solution. The tolerance limit defined as the maximum concentration of interfering ion added to cause a change in the absorbance not greater than ± 5% (deviation 5%) 18 was then evaluated. It was found that high concentration of Zn(II) up to 500 mg/l had no significant effect on 2.0 mg/l of Cu(II) while the concentration of Fe(III) and Mn(II) at only 9.0 mg/l interfere seriously. However, the concentrations of those ions in the NR latex sample were found to be below interfering level of 3.52, 0.77, and 27.0 mg/l for Fe(III), Mn(II), and Zn(II), respectively 6 . In case of high content of interfering ions such as Fe(III) and Mn(II) in NR latex, ammonium citrate or tartrate can be added as a masking agent 2 . The method was therefore selective for copper determination in the NR latex sample.
Applications
Copper in NR latex sample can be determined by digesting the NR latex with the optimum conditions and then analysing by the developed method. The standard method (ICP-OES) 19 was applied to confirm the accuracy of the developed method. With the conditions previously described, the calibration curve was constructed to obtain the linearity in the range of 0.005-0.500 mg/l with the linear regression equation to calculate the copper content in latex samples. The digestion system was also compared with the Kjeldahl method and the results are shown in Table 6 . Table 6 Copper contents (mg/kg) in 5 concentrated latex samples by vis-spectrophotometry and ICP-OES (n = 3).
Sample
† Vis-spectrophotometry ICP-OES Developed Kjeldahl Developed Kjeldahl 1 6.8 ± 0.0 7.0 ± 0.2 6.8 ± 0.1 6.7 ± 0.1 2 7.0 ± 0.2 6.9 ± 0.2 6.4 ± 0.1 6.5 ± 0.2 3 6.9 ± 0.2 6.9 ± 0.1 6.8 ± 0.1 7.0 ± 0.0 4 6.9 ± 0.2 6.9 ± 0.1 6.8 ± 0.1 6.7 ± 0.1 5 6.8 ± 0.2 6.5 ± 0.1 6.5 ± 0.1 6.5 ± 0.1 † The concentrated latex prepared from field NR latex purchased from latex traders in Na Mom, Hatyai, Muang Songkhla, Bang Klam, and Na Thawi District, respectively.
Properties of latex
Certain properties of field and concentrated NR latex including total solids content (TSC) and dry rubber content (DRC) were determined as follows to supplement copper content report in field and concentrated NR latex.
Normally, copper content is reported in mg/kg unit based on TSC. It was found that TSC in 5 field and concentrated NR latex samples from 5 districts in Songkhla Province as shown in Table 7 were in the range of 28.8-38.4% and 62.6-63.5%, respectively, corresponding with general TSC of field and concentrated NR latex samples in the range of 25-45% and minimum of 61%, respectively. All TSC of all latex samples were therefore in the acceptable value recommended by TIS 980 8 . Dry rubber content (%) is used to indicate the quantity in gram of rubber in 100 g of latex as shown in Table 7 and was found in the range of 26.8-34.6 and 60.3-61.4%, respectively, in good agreement with normal DRC of field and concentrated latex sample in the range of 20-40% and minimum of 60%, respectively. It could be concluded that DRC of 5 field and concentrated latex samples from 5 districts in Songkhla Province were in the acceptable value recommended by TIS 980-2009 8 .
The copper content in concentrated latex sample prepared from the same batch of field NR latex was digested by means of the developed digestion system and analysed method. Copper concentrations in concentrated latex in the range of 6.8-7.0 mg/kg (on TSC) were found. Copper contents in these concentrated latex samples were lower than TIS (980-2009) guideline level (8 mg/kg on TSC). To confirm the accuracy of the method, the copper contents were compared with the standard method (ICP-OES) 6 . No significant difference was observed (at 95% confident limit, ANOVA). The sensitivity of the developed spectrophotometric method was also found in the same range with that of ICP-OES. Furthermore, the sample digestion system with the developed digested method and Kjeldahl digestion system were conducted and copper content in the sample solutions obtained by both systems were compared. The results showed no significant difference. This indicated that the developed digestion system could be an alternative system for sample digestion. Copper content in field NR latex samples were determined. The copper content in field NR latex samples were found in the range of 16.6-23.8 mg/kg (on TSC) or 6.1-7.4 mg/l which were higher than those obtained from previous reports 5, 6 of 0.27 mg/l and 1.65 mg/l.
In this study, copper contents in field and concentrated NR latex sample were also compared in order to investigate the effect of added diammonium hydrogen phosphate (DAHP) and centrifugation effect on the remaining copper content. It was observed that copper content in concentrated NR latex was found in the range 6.8-7.0 mg/kg (on TSC) which was around 60-70% lower than in field NR latex. It can be assumed that adding of DAHP into the field NR latex before centrifugation process, other divalent transition metals such as Fe 
Effect of rubber growing regions and tapping seasons on copper content of field latex
The copper contents in different growing regions and tapping seasons were investigated. The rubber (Hevea brasiliensis) plantations in Buriram, Chachoengsao, and Songkhla provinces were selected to be the study areas representing Northeastern, Eastern, and Southern Thailand, respectively. Field NR latex samples were collected in both dry and rainy seasons. In sample from three different parts of Thailand, the concentrations of copper in field latex samples were found in the range of 12.2-19.3 mg/kg and 13.5-16.9 mg/kg in dry and rainy season, respectively (as shown in Table 8 ). There was no significant difference of copper concentration in field latex between dry and rainy season from each region of Thailand, except in sample from Buriram for which latex in dry season contained 57% higher significantly than that of rainy season (p < 0.05). In rainy season, there was no significant difference of copper concentration in field latex among rubber tree from three different regions of Thailand.
In conclusion, the simple and effective diwww.scienceasia.org Table 7 Copper contents, TSC, and DRC in field and concentrated NR latex samples by vis-spectrophotometry (n = 3). gestion system for copper determination by visspectrophotometry was developed with the advantages of low cost and speed of sample digestion in compared with Kjeldahl digestion system utilized by ISO 8053 12 . The Pyrex digestion tube is also cheaper than Kjeldahl apparatus. Furthermore, the sample digestion time by the developed digestion system was shorter (2.5 h) than that by the Kjeldahl digestion system (5.0 h). The method offers a linear working range of 40-fold, good precision and accuracy. Hence this developed method can be an alternative method for copper determination in natural rubber latex industries.
Sample
